The pelagic province of the Southern Ocean generally has low levels of primary production 16 attributable to a short growing season in the higher latitudes, a deep mixed layer, and iron 17 limitation. Exceptions include phytoplankton blooms in the marginal ice zone (MIZ) during 18 spring and summer sea ice retreat. The prevailing hypothesis as to the drivers of the blooms is 19 that sea ice retreat increases the vertical stability of the water column through the production 20 of melt water and provides shelter from wind-mixing in areas of partial sea ice coverage. 21
position in the upper reaches of the water column. This work investigates the drivers MIZ 23 blooms using a biochemically-coupled global circulation model. Results support the 24 hypothesis in that physical conditions related to a shallow, vertically stable water column (e.g. 25 mixed layer depth and available light) were the most significant predictors of bloom 26 dynamics, while nutrient limitation was of lesser importance. We estimate that MIZ blooms 27 account for 15% of yearly net primary production in the Southern Ocean and that the earlier 28 phases of the MIZ bloom, occurring under partial ice coverage and invisible to remote 29 sensing, account for about two-thirds of this production. MIZ blooms were not found to 30 enhance depth-integrated net primary production when compared to similar ecological 31 provinces outside of the MIZ, although the elevated phytoplankton concentrations in surface 32 waters are hypothesized to provide important feeding habitats for grazing organisms, such as 33 krill. 
Seasonal Ice Zone Biochemical Province 41
The seasonal ice zone (SIZ) extends hundreds of kilometers from the Antarctic coast 42 [Sakshaug et al., 1991] with sea ice typically being less than 1 m thick [Pfaffling et al., 2007] 43 and growing from April and melting from October. The offshore water masses are 44 characterized by latitudinal gradients in nutrients during the winter, which reflect the 45 that overall pelagic primary productivity for the entire Southern Ocean would be increased by 118 at least 60% if ice edge production were considered. However, recent remote sensing 119 estimates by Arrigo et al. [2008] show that MIZ zones contribute 4.4% of total Southern 120
Ocean primary production and do not substantially increase productivity over non- MIZ 121 conditions. Nevertheless, these estimates are likely to be conservative because the presence of 122 sea ice prevents estimates of ocean color via remote sensing (Fig. 1) , even within the ice-edge 123 or low ice concentrations [Belanger et al., 2007] . It has been suggested that this is a likely 124 source of underestimation in remote estimates given that areas of partial ice coverage may 125 receive a substantial amount of irradiance into the water column to drive primary production 126 [Smith and Comiso, 2008] . 127
The tradeoff between localized in situ sampling, which is limited to shipboard 128 sampling, and remote sensing estimates, which offers an incomplete view during MIZ 129 conditions, illustrates the difficulty in the investigation of blooms. As an alternative, 130 numerical ocean modeling allows for the examination of MIZ blooms over large areas and 131 over the full growth period. In addition, modeling can help to elucidate the drivers behind 132 MIZ blooms by allowing for the investigation of a range of parameters relating to 133 phytoplankton dynamics. 134
The objectives of this work focus on two main aspects of the MIZ: 1) To assess the 135 drivers of MIZ blooms within the modeled ecosystem using a multivariate statistical approach 136 and 2) Characterize the importance of MIZ blooms to overall Southern Ocean primary 137 production. Finally, we discuss the possible implications of MIZ bloom dynamics for the 138 lifecycle of the trophically-important krill. 139 140 141
Methods 142

Description of the Bio-Physically Coupled Global Circulation Model 143
Simulations were conducted using the Massachusetts Institute of Technology General 144
Circulation Model (MITgcm) [Marshall et al., 1997; MITgcm Group, 2012] , which is 145 integrated on a cubed-sphere grid, permitting relatively even grid spacing while avoiding 146 polar singularities [Adcroft et al., 2004] . Each face of the cube is comprised of a 510×510 grid 147 The MITgcm was coupled with a version of the biogeochemical model REcoM 155 ("Regulated Ecosystem Model") [Schartau et al., 2007] . REcoM uses phytoplankton growth 156 parameterizations of Geider et al. [1998] in order to account for the effect of varying 157 stoichiometry on phytoplankton growth and, subsequently, nutrient cycling and other 158 biological processes. Loss of phytoplankton biomass is assumed to be due to grazing, particle 159 aggregation, exudation, and leakage. Additional parameterization has been added to account 160 for silica and iron limitation of phytoplankton growth [Hohn, 2009] . In this form, the 161 phytoplankton component of the model mainly describes dynamics associated with a diatom 162 dominated community. For additional details see Losch et al. [submitted] . 
Estimation of Primary Production in the Marginal Ice Zone 251
In order to quantify the impact of MIZ conditions on depth-integrated net primary 252 production (NPP), we followed the protocol outlined by Arrigo et al. [2008] , whereby they 253 distinguished four ecological provinces for the Southern Ocean (< 50 °S) based on depth and 254 sea ice presence: 1) Pelagic (> 1000 m, 0% ice, and 0% ice for > 14 days), 2) Shelf (< 1000 255 m, 0% ice, and 0% ice for > 14 days), 3) Pelagic MIZ (> 1000 m, 0% ice, and > 0% ice at 256 some time in the last 14 days), and 4) Shelf MIZ (< 1000 m, 0% ice, and > 0% ice at some 257 time in the last 14 days). The MIZ threshold of 14 days is based on in situ measurements of 258 low salinity water and phytoplankton bloom persistence following sea ice retreat [ water conditions (i.e. 0% sea ice coverage). Due to our ability to observe and quantify the 262 simulated NPP even under conditions of sea ice coverage, we were able to define an 263 alternative MIZ criterion that better captured the beginning of the bloom period. In the 264 simulation, blooms usually began soon after the initial breakup and retreat of sea ice, when 265 concentrations fell below 90% coverage (Fig. 3) . As a consequence, the spatial development 266 of the bloom largely follows the southward retreat of sea ice. Therefore, we also compare 267 NPP using an alternative definition for the MIZ conditions: 5) Pelagic MIZ (> 1000 m, < 90% 268 ice, and > 0% ice at some time in the last 14 days), and 6) Shelf MIZ (< 1000 m, < 90% ice, 269 and > 0% ice at some time in the last 14 days). The two MIZ definitions will later referred to Figure 4 shows the spatial correlations of the simulation versus remote sensing data. 276
Correlation to Observed Estimates and Focus Area Selection 275
Nine sub-areas, with longitudinal extension of <30°, were identified that passed all of the 277 aforementioned selection criteria (Fig. 4, bottom right) . Sea surface temperature and sea ice 278 coverage were, generally, very well correlated with observed values throughout the SIZ. 279
Areas of lower correlation occurred inshore near larger ice shelves (i.e. polynyas), which are 280 not explicitly modeled, and, in the case of sea ice, near the more variable outer extension of 281 the SIZ. The correlation of chlorophyll a was generally lower and patchier than the other two 282 fields, although large areas of significantly positive correlations can be seen encircling the 283 Antarctic continent. The fulfillment of criteria for chlorophyll a was the most restrictive of the 284 comparisons to remote sensing data in defining the sub-areas for further statistical analysis. 285 286
Statistical Exploration 287
The leading EOF mode explained a large percentage of each field's variance, usually > 288 75% (Fig. 5) . In order to reduce the impact of multi-collinearity between the model predictors, 289 several covariates were excluded from the GAM analysis due to their VIF. ZOOC was 290 removed from all nine sub-area models; DIN was removed from seven sub-area models; and 291 SST, SSS and DSI were each removed from one sub-area model (Table 2) . 292
For all sub-area models, stepwise removals of remaining terms did not improve the 293 model and all included terms were deemed highly significant. Fitted spline functions varied in 294 their complexity, as revealed by their associated degrees of freedom, but in no case was there 295 an indication that linear relationships were more appropriate. The squared correlation 296 coefficients (R 2 ) were > 0.8 for all models, indicating a relatively good predictive power 297 (Table 2) . Generally, covariates associated with physical conditions were the most significant 298 predictors of CHLA. In particular, MLD and PAR were consistently among the most 299 significant terms. Nutrient concentrations (DIN, DSI, and DFE) were of much lower 300 significance (Fig. 6) . 301 
Drivers of Marginal Ice Zone Blooms 322
Our findings support the hypothesis that the stability of a shallow pycnocline, 323 associated with melting sea ice, is most responsible for the development of phytoplankton 324 blooms in the MIZ [Smith and Nelson, 1985; Sullivan et al., 1988] . In particular, light 325 availability (PAR) and mixed layer depth (MLD) are the most significant predictors of surface 326 chlorophyll a dynamics in explored sub-areas of the SIZ (Fig. 6) . PAR is determined 327 primarily by season and sea ice coverage in the SIZ. MLD, as determined by gradients in 328 water density, is mainly affected by the processes of melting sea ice and mixing of the water 329 column by wind. From the example GAM model (Fig. 2) , we can see that the contribution of 330 PAR is largely flat after a minimum threshold is reached, and similar spline function forms 331 were also observed in each of the sub-area models. This threshold is met once the sea ice 332 begins to break up in spring, and it is this melting that also results in a shallow MLD due to 333 the strong density gradient created by the fresh water lens of less dense, lower salinity waters 334 at the surface. Additionally, the partial ice coverage hinders mixing by surface winds. The 335 combination of these factors allows phytoplankton to maintain their position in the high light 336 conditions of the upper layer of the water column, which results in enhanced growth and 337 maintains bloom conditions. The termination of the bloom coincides with sea ice 338 concentrations reducing to levels near zero, and a deepening of the MLD in response to wind-339 forced mixing. This mechanism has also been observed in the MIZ through remote sensing, 340 whereby bloom occurrence was inversely related with wind speed [Fitch and Moore, 2007] . 341
Specifically, wind speeds < 5 m·s -1 were most associated with bloom conditions. This speed 342 corresponds to the threshold for turbulent mixing and a deepening of the MLD in coastal 343 waters [Kullenberg, 1971; 1972; 1976] , with higher speeds shown to be related to decreases in 344 phytoplankton patchiness [Therriault and Platt, 1981; Demers et al., 1987] . The GAM 345 results also indicate that SST and SSS are relatively important predictors of chlorophyll a 346 dynamics for some sub-areas. These variables are closely related to the dynamics of PAR and 347 MLD and thus their significance is likely mainly due to their association with the formation of 348 the freshwater lens during ice retreat. 349
Nutrient dynamics were less important predictors of surface chlorophyll a dynamics. 350
When these variables were included in the model, they were also significant, yet to a much 351 smaller degree than the above mentioned physical parameters. The Southern Ocean is the 352 largest high-nutrient low-chlorophyll (HNLC) region in the world ocean [Martin et al., 1990 processes in the cycling of iron, their dynamics were not found to have as much importance to 367 the overall phytoplankton dynamics in the selected sub-areas of the pelagic province (Fig. 6) . 368
In situ estimates of iron concentration are scarce, especially at depth, and thus our initial fields 369 likely include a higher degree of error than for the other limiting nutrients. Nevertheless, a 370 review of Southern Ocean dissolved iron measurements did not support the link between iron 371 cycles and uptake by phytoplankton, and suggested that other processes might be more 372 important drivers in it variability (e.g., recycling, exogenous inputs, and/or mixed layer 373 dynamics) [Tagliabue et al., 2012] . The influence of iron limitation on phytoplankton 374 dynamics may be more pronounced in the inshore shelf areas where vertical diffusion plays a 375 more important role in its resuspension to the euphotic zone. Consistent with in situ 376 observations, the highest values in simulated NPP were also found within the shelf province 377 (Fig. 7) . Uncertainty in initial iron concentrations will likely be improved in future 378 simulations due to the growing amount of observed data being generated in recent years (e.g. 379 GEOTRACES program, http://www.bodc.ac.uk/geotraces/). 380
Due to constraints of our statistical approach, we were unable to assess the impact of 381 zooplankton grazing on phytoplankton dynamics due to problems of multi-collinearity with 382 other covariates. We believe that these losses will likely be small at the onset of the bloom, 383 when zooplankton development is likely to lag that of the phytoplankton, but may increase 384 later in the growing season. 385 386
Importance of the Marginal Ice Zone to Southern Ocean Primary Production 387
The highest rates of primary production in the Southern Ocean are generally 388 shown to be important for successful recruitment, allowing for early ovarian development, 472 early spawning, and multiple egg batches [Quetin and Ross, 1991; Schmidt et al., 2012] . MIZ 473 bloom dynamics may also be of particular relevance to the first larval feeding stage 474
(Calyptopsis 1, "C1"), which reach surface waters after their developmental ascent and must 475 find food within the first 10 days in order to survive [Ross and Quetin, 1989 ]. An interesting 476
analog from the tropics is that of the Peruvian anchovy (Engraulis ringens), which has been 477 found to have highest recruitment within an "optimal environmental window" of conditions 478
conducive to the formation of phytoplankton blooms. In particular, the relationship between 479 wind speed and recruitment is bell-shaped with a maximum near the threshold of turbulent 480 mixing (5 m·s -1 ) [Cury and Roy, 1989] . The authors hypothesized that under these optimal 481 conditions, upwelling of nutrient-rich waters can fuel phytoplankton growth without 482 destroying the blooms through turbulent mixing. As mentioned before, the same threshold has 483 been associated with the diminishment of blooms in the MIZ [Fitch and Moore, 2007] . 484
Light has been hypothesized to be an important cue in the triggering of metabolic 485 changes in krill following winter [see review by Meyer, 2012] . From an evolutionary 486 perspective, such mechanisms would only develop if light is a consistent and accurate cue of 487 improved feeding conditions. Our results support this view through the finding that PAR is a 488 highly significant predictor of surface chlorophyll a concentrations in the SIZ. In addition, the 489 increase in PAR following sea ice melting will be more abrupt than the more gradual seasonal 490 increase in daylight experienced outside the SIZ, possibly providing a more obvious cue 491 signaling increased food availability. 
